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Functional Characterization of Melanocyte Stem
Cells in Hair Follicles
Satomi Nishikawa-Torikai1, Masatake Osawa2 and Shin-ichi Nishikawa1
In mice, coat pigmentation requires a stem cell (SC) system in which the survival, proliferation, and
differentiation of melanocytes (MCs) are regulated by microenvironments in hair follicles (HFs). In vitro systems
are required to analyze the behavior of single melanocyte stem cells (MCSCs) and their potential to form SC
systems in vivo. We describe here an experimental system for the isolation, self-renewal, and differentiation of
MCSCs, as well as an in vivo reconstitution assay for assessing their potential. Using Dcttm1(Cre)Bee/CAG-CAT-GFP
mice, we show that, in the presence of stem cell factor and basic fibroblast growth factor and the XB2 feeder cell
line, purified MCSCs can undergo clonogenic proliferation, resulting in c-Kitlow side scatterlow cells. In culture,
these cells maintain their capacity to differentiate and reconstitute an MCSC system in HFs. As these cells are
present in the upper part of the HF near the bulge region, express only low levels of housekeeping genes, and
are resistant to neonatal treatment with ACK2, it is likely that only MCSCs that are quiescent in vivo have
clonogenic activity in vitro. We also found that MCSCs can be purified from wild-type mice by fluorescent cell
sorting and can be characterized in vitro.
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INTRODUCTION
In mice, melanocytes (MCs) are derived from neural
crest cells, undergo proliferation and differentiation while
migrating through the dermis, enter the epidermis, colonize
developing hair follicles (HFs), and form a stem cell (SC)
system that repeats the cycle of regeneration throughout
life (Yoshida et al., 1996; Mackenzie et al., 1997; Jordan
and Jackson, 2000; Nishimura et al., 2002). In HFs, the
melanocyte stem cell (MCSC) system consists of hierarchical
compartments, starting with immature quiescent SCs, a
subsequent proliferative compartment, and a final stage in
which pigment granules are transferred to keratinocytes.
The most important feature of the MCSC system is its tissue
organization, in which the most immature SCs are spatially
segregated from the other compartments. SCs localize in the
outer-root sheath of the lower part of the permanent portion
(LPP) of HFs, which includes the bulge region that contains
SCs for keratinocytes. In contrast, the other compartments are
present mainly in the hair bulbs (HBs).
Most SCs in the LPP are in a resting state and can survive
in the absence of c-Kit signal, whereas MCs in the HB are
actively proliferating in anaphase and die rapidly in the
absence of c-Kit signal (Nishikawa et al., 1991; Yoshida
et al., 1996; Nishimura et al., 2002). MCSCs can also be
distinguished by their distinctive molecular signatures, in
that the expression of a set of genes required for pig-
ment formation is lower in SCs than in HB MCs (Osawa
et al., 2005; Nishikawa and Osawa, 2007; Freter et al.,
2010). Functionally, we have shown that only SCs in the
LPP can reconstitute new SC systems (Nishimura et al.,
2002).
Questions remain about the molecular mechanisms
underlying the functional differences among different com-
partments. An in vitro culture system is required to
characterize various MC activities, as well as for SC biology
in general. For example, characterization of hematopoietic
SCs has been greatly enhanced by the development of in vitro
colony assay, stromal cell-dependent culture, and an in vivo
assay testing the ability of these cells to reconstitute hemato-
poietic systems of lethally irradiated recipients (Traycoff
et al., 1996; Miller and Eaves, 1997; Krosl et al., 2003;
Willert et al., 2003; Zhang et al., 2006; Nakamura et al.,
2010). In addition, cultured normal keratinocytes have been
used to reconstitute epidermis (Gallico et al., 1984; Escamez
et al., 2004; Geer et al., 2004; Shevchenko et al., 2010), and
mixtures of cultured keratinocytes and dermal papilla have
been used to reconstitute HFs, a complex organ (Weinberg
et al., 1993; Kishimoto et al., 1999; Ehama et al., 2007; Rendl
et al., 2008). These examples indicate the importance of
experimental systems utilizing in vitro culture and in vivo
reconstitution assays.
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Although several methods have been used to culture MCs
(Sviderskaya et al., 1995; Halaban et al., 1988; Dunn et al.,
2000; Kawa et al., 2000; Hirobe, 1992, 2005), none of these,
to our knowledge, attempted to culture purified MCs. We
found that use of an XB2 feeder layer and supplementation
with fibroblast growth factor and stem cell factor (SCF) can
support the proliferation of purified embryonic melanoblasts
(MBs), and we developed an assay method testing the ability
of these cultured MBs to reconstitute HFs (Yonetani et al.,
2008), indicating that in vitro culture and in vivo reconstitu-
tion assays are available for MCs.
Molecular markers are available to separate live hemato-
poietic SCs (Osawa et al., 1996; Christensen and Weissman,
2001; Sugano et al., 2008; Ooi et al., 2009) and keratinocytes
(Tani et al., 2000; Trempus et al., 2003; Li and Kaur, 2005)
from other compartments. Although we have described a
method of purifying MCSCs, that method was limited to cells
from genetically engineered mice expressing fluorescent
markers. Thus, to facilitate in vitro culture of MCs, it is
essential to develop a method by which various MC stages
can be isolated from wild-type mice. We therefore sought to
establish basic experimental systems for in vitro analysis of
MCSCs in mature HFs.
RESULTS
Development of a culture system for clonogenic proliferation
of MCs
Assessment of the clonogenic activity of MCSCs requires
a culture system that supports the proliferation of single MCs.
We first investigated whether or not the culture condition that
we have described previously could support proliferation of
single MC lineage cells. We utilized single-cell deposition
equipment associated with a fluorescent-activated cell sorter
(FACS).
Skin cells were prepared from E15.5 embryos of the
Dcttm1(Cre)Bee/CAG-CAT-GFP mouse strain, in which green
fluorescent protein (GFP) driven by the cytomegalovirus early
enhancer/chicken actin (CAG) promoter is expressed speci-
fically in MCs (Figure 1a). Single GFPþ cells were deposited
into each well of a 96-well plate containing XB2 feeder cells
and cultured for 7 days, with all wells containing420 GFPþ
cells deemed positive. We observed clonogenic activity in
75.3% of the wells (Supplementary Table S1 online),
indicating that our culture conditions support the clonogenic
proliferation of embryonic MBs.
Only SCs in upper HFs showed in vitro proliferative activity
MCs in HFs are divided into two localized populations. The
first is present in the LPP, including the bulge region, and
contains all the quiescent SCs that can replenish the MCSC
system, whereas the second is present in the HBs of HFs and
has already committed to differentiation to mature MCs
(Figure 1a). Thus, the most reliable indicator distinguishing
SCs from other compartments is their spatial localization. We
therefore separated the two populations by manual dissection
(Figure 1b and c) and assessed whether our culture conditions
support clonogenic proliferation of postnatal MCs, both of
SCs and more differentiated cells. We therefore prepared
B1000 HFs from P10 Dcttm1(Cre)Bee/CAG-CAT-GFP mice,
separated the upper regions including the bulge area from the
HB (Figure 1c), dissociated each into single-cell suspensions,
sorted MCs by GFP expression, and cultured the cells.
Using this protocol, we obtained 9.3±0.4 105 cells from
the upper regions and 6.3±0.3105 cells from the lower
regions. Each preparation was cultured for 1 week at 100
cells per well and the numbers of GFPþ cells were counted
by fluorescence microscopy. We found that only the upper
HF cells, but none of the HB cells, proliferated (Figure 1d).
Most MCs from the upper region were spindle shaped,
whereas none were pigmented. Although MCs from the lower
region showed only limited proliferation, a small number of
GFPþ cells with pigmented granules were detected, suggest-
ing that MCs from the lower region are strongly committed to
differentiation and have lost the ability to undergo sustained
proliferation in culture. Moreover, these results suggest that
only SCs in the LPP can undergo sustained proliferation under
our culture conditions.
Clonogenic activity of FACS-sorted MCSC cells
We next wanted to confirm that the clonogenic cells in the
upper HF are indeed MCSCs. We previously found that
MCSCs are distinguished from other compartments by their
low level of expression of housekeeping genes (Osawa et al.,
2005). As the GFP marker we used to detect MCs is driven by
the CAG promoter, a typical promoter of housekeeping
genes, we hypothesized that MCSCs could be distinguished
from other compartments by low expression of GFP. To test
this, we prepared single-cell suspensions from the upper and
lower HF to show that MCs with low GFP expression are
present only in upper HFs. We therefore dissected HFs from
P10 mice into upper regions and HBs, dissociated each
region separately, and stained with monoclonal antibody to
c-Kit, an MC-specific molecular marker for HF cells, and
analyzed the cells for simultaneous expression of c-Kit and
GFP by their side-scatter (SSC) profile.
We found that GFPþ cells could be divided into
GFPhigh SSChigh and GFPlow SSClow populations (Figure 1e–k).
As expected, GFPlow cells were detected only in upper HF
populations, and these cells were able to proliferate in
culture. In contrast, most cells prepared from HB were
GFPhigh SSChigh and could not proliferate in culture. These
results suggest that MCSCs that localize to the upper HF
express low levels of CAG and GFP and have a low SSC
profile, and also the ability to self-renew under our in vitro
conditions.
To quantitate the proliferative activity of MCSCs, the
clonogenic activity of each fraction was measured in single-
cell deposition assays. We found that only GFPlow SSClow
cells in the upper HF showed clonogenic activity, whereas
none of the other fractions showed clonogenic proliferation
(Supplementary Table S2 online).
Purification of MCSCs from whole skin
As FACS profile alone can distinguish MCSCs from other cell
populations, we examined whether MCSCs could be isolated
from whole-skin cell suspensions without manual dissection.
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Figure 1. Isolation of MC lineage cells from the upper and HB regions. MC lineage cells were marked by crossing the Dcttm1(Cre)Bee and CAG-CAT-GFP
strains. (a) Immunostaining of P10 dorsal skin with anti-GFP antibody. Arrowheads and asterisks represent GFPþ cells in LPP and HB. Small pieces of skin
were isolated (b), divided into two parts, (c) and cultured after dissociation. Only cells from the upper region could proliferate (d). Dissociated PI CD45-gated
cells from HFs were analyzed using FACS. GFPþ cells from the HB region were SSChighc-Kithigh and did not proliferate (f–h), whereas cells from the
upper region were SSClowc-Kitlow and actively proliferated (i–k). (e) Wild-type control. The numbers in d, h, and k show cell density. Bar¼ 200mm.
APC-A, allophycocyanin area; CAG, cytomegalovirus early enhancer/chicken actin; FACS, fluorescent-activated cell sorter; FITC-A, fluorescein isothiocyanate
area; GFP, green fluorescent protein; HB, hair bulb; HF, hair follicle; LPP, lower part of the permanent portion; MC, melanocyte; PI, propidium iodide;
SSC, side scatter.
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Single-cell suspensions were prepared enzymatically from
the skin of P10 mice and their expression of GFP and c-Kit
was analyzed along with their SSC profile. We found that
GFPþ MCs consisted of three sub-populations with distinct
flow-cytometric features, SSClowc-Kitlow, SSChighc-Kithigh, and
SSCmedc-Kit (Figure 2a and b). Only the first population
corresponds to the GFPlow population that contains MCSCs.
When we seeded 2000 cells per well of each population into
12-well dishes, we found that the first could proliferate in culture
(Figure 2c and d). To show that these proliferating cells were
bona fide MCSC, we induced their differentiation to pigmented
MCs by culturing in medium containing SCF, endothelin-3, and
a-melanocyte-stimulating hormone (Figure 2e), further indicat-
ing that MCSCs in HFs, defined as SSClowc-Kitlow, undergo
self-renewal and differentiate to mature MCs.
Resting MCSCs in HFs is the population that undergoes
proliferation in vitro
We previously described a method to enrich resting MCSCs
in HFs by neonatal injection of a blocking anti-c-Kit mono-
clonal antibody ACK2 (Nishimura et al., 2002; ;Osawa et al.,
2005). To confirm that in vitro proliferating SSClowc-Kitlow
cells correspond to resting MCSCs, we injected neonatal
mice with 0.2mg ACK2 to enrich resting MCSC and prepared
cell suspensions from whole skin 10 days later. Flow cytometry
showed that the coats of ACK2-injected mice were completely
depigmented because of depletion of mature components in
the HF, suggesting the absence of activated MCs (Figure 3a–f).
Virtually all MCs in ACK2-treated mice were GFPlow SSClow
c-Kitlow, whereas HFs of untreated mice contained more
diverse populations including SSChigh cells.
Thus, ACK2-resistant resting MCSCs are GFPlowSSClowc-Kitlow,
with small compact shape, and expressed MC marker genes
(Supplementary Figure S1 online). To show that this popu-
lation can undergo in vitro proliferation, we assessed the
clonogenic activity of cells purified from untreated and
ACK2-treated mice. Culture of all GFPþ cells from HFs under
our conditions (200 cells per well) resulted in more extensive
proliferation of the cells in ACK2-treated than -untreated HF
(60- vs 10-fold increase in 7 days; Figure 3g and h). Single-
cell deposition analysis showed that nearly 35% cells in the
HF of ACK2-treated mice showed clonogenic activity, which
is 4-fold more than those in the HF of untreated mice.
Moreover, average number of cells in each positive well is
1.5-fold higher in ACK2-treated group than in the control
group (Figure 3i–k).
To confirm that cells proliferating in culture can form an
MCSC system, we transferred cultured SCs into the experi-
mental system to reconstitute HFs on the backs of nude
mice. We found that cultured cells isolated from ACK2-
treated or non-treated mice reconstituted pigmented hair
(Figure 4) with most of the hair maintaining pigmentation
after shaving, suggesting that a functional MCSC system had
been reconstituted.
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Figure 2. Characterization of MCs isolated from murine whole dorsal skin. Dissociated whole dorsal skin cells from P10 Dcttm1(Cre)Bee/CAG-CAT-GFP
mice were stained with anti-c-Kit antibody and analyzed by FACS. (a, b) Division of GFPþ PI CD45 cells into three populations by their levels of SSC
and c-Kit expression. (c–e) Proliferation and differentiation of cells from the three populations after culture with SCF and bFGF. After 1 week, only
GFPþSSClowKitlow cells (fraction I) proliferated (c, d) and differentiated to pigmented cells after the addition of SCF, a-MSH, and endothelin-3 (e).
Bar¼200 mm. a-MSH, a-melanocyte-stimulating hormone; bFGF, basic fibroblast growth factor; CAG, cytomegalovirus early enhancer/chicken actin;
FACS, fluorescent-activated cell sorter; GFP, green fluorescent protein; MC, melanocyte; PI, propidium iodide; SCF, stem cell factor; SSC, side scatter.
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Purification of MCSCs from wild-type mice
During our determination of the flow-cytometric features of
MCSCs, we observed that GFPlowSSClowc-Kitlow SCs fall into
a very narrow area in the forward scatter-width/height chart
(Figure 5a), suggesting that this profile may be applicable for
isolating SCs from wild-type mice. To enrich for resting SCs,
neonatal mice were treated with ACK2, HFs were harvested
at P10, dissociated, and analyzed by FACS. We found
thatB0.1% of cells with this profile were SSClowc-Kitlow cells
(Figure 5b and c). More than 80% of these cells were small,
round, Sox10low, Trp2low, and Pax3þ , consistent with our
previous findings on the gene expression profile of MCSCs
(Supplementary Figure S2 online). This population showed
robust proliferative activity under our culture conditions
and differentiated upon culture with SCF, endothelin-3, and
a-melanocyte-stimulating hormone (Figure 5d–f). Furthermore,
single cells showed active proliferation (Figure 5h and i).
To show that these proliferating cells are bona fide
MCSCs, we investigated whether they could reconstitute the
MC system of regenerative HFs. One week after culture, cells
were harvested, mixed with dissociated follicular keratino-
cytes, and placed on the back of nu/nu mice with a dermal
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Figure 3. Survival and proliferation of undifferentiated ACK2-treated MCs. Dcttm1(Cre)Bee/CAG-CAT-GFP mice were treated with 0.2mg ACK2 or PBS on
days 0, 2, and 4, and their P10 dorsal skin was analyzed. (a–f) Following ACK2 treatment, only GFPþSSClowKitlow cells survived. (g) ACK2-resistant cells
proliferated during coculture with XB2. (h) Cell proliferation rates showing that ACK2-resistant cells had higher proliferative potential. (i–k) Clonogenic analysis
of GFPþSSClowKitlow cells. Single cells isolated from ACK2-treated and -untreated mice were sorted into 96-well culture dishes and cultured. (i) Example
of one well with proliferating cells. (j) Numbers of wells containing 420 cells. (k) Total number of cells per well. Bars represent standard deviations.
Bar¼200 mm. CAG, cytomegalovirus early enhancer/chicken actin; FSC-H, forward scatter height; FSC-W, forward scatter width; GFP, green fluorescent
protein; MC, melanocyte; PBS, phosphate-buffered saline; SSC, side scatter.
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sheet. As expected, injection of cultured cells resulted in the
pigmentation of regenerating hair (Figure 5g), which other-
wise remained unpigmented. Taken together, these findings
indicate that MCSCs with strong in vitro proliferative activity
can be isolated from wild-type mice and can reconstitute
regenerating pigmented HFs.
DISCUSSION
This study describes an ex vivo culture method for postnatal
MCSCs and for the in vitro characterization of MCSC
proliferation. The MCSC system in postnatal HF can therefore
constitute a model system equipped with all necessary
technologies required for ex vivo studies of SC. This
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II I
III
I
Figure 4. Hair reconstitution using cultured MCs. FACS-sorted MCSCs were cultured for 1 week and grafted into nude mice, along with epidermal cells
and a dermal sheet from W/WV mice. The control was a graft from which MCs had been omitted. (b) Results of three independent experiments are shown
in a (exp. 1–2, ACK2 treated; exp. 3, ACK2 non-treated). (c) After shaving and plucking, black hair grew again. (d, h) Hair area of c was stained with anti-GFP
antibody (green). Panels e–g and i show magnification images of square regions in d and h. This result suggests that only in black hair areas MCSCs repopulated
in the bulb, around the lower permanent portion and club hair. Bar¼100 mm. FACS, fluorescent-activated cell sorter; GFP, green fluorescent protein;
MC, melanocyte; MCSC, MC stem cell.
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experimental system includes methods for the isolation of
living SCs from HF, in vitro culture to assess self-renewal and
differentiation of SCs at the single-cell level, and an in vivo
assay of the ability to reconstitute an MCSC system in HF.
Our primary goal was to determine conditions enabling the
clonogenic proliferation of MCSC. We previously showed
that XB2 keratinocyte feeder cells and SCF can support the
sustained proliferation of MB derived from embryos (Yonetani
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Figure 5. Development of a FACS sorting method of undifferentiated melanocytes from GFP mice. (a) Analysis of GFPþSSClowKitlow cells by a combination
of FSC-W and FSC-H. When compared with the PI entire population, target cells were concentrated in the FSC-W-low small area. Dissociated P10
CAG-GFP mouse skin treated with (b) or without ACK2 (c) was stained with anti-c-Kit antibody. (d, f) Sorted cells were cultured and their rate of proliferation
was calculated. (e) Differentiation of cultured cells after addition of SCF, a-MSH, and endothelin-3. (g) Reconstitution assay with cultured cells (exp. 1–2,
ACK2 treated; exp. 3, ACK2 non-treated). (h, i) Clonogenic analyses showing the number of wells containing 420 cells (h) and the total number of cells
per well (i). The bars represent mean±SD. Bar¼ 200mm. a-MSH, a-melanocyte-stimulating hormone; CAG, cytomegalovirus early enhancer/chicken actin;
FACS, fluorescent-activated cell sorter; FSC-H, forward scatter height; FSC-W, forward scatter width; GFP, green fluorescent protein; PI, propidium iodide;
SCF, stem cell factor; SSC, side scatter.
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et al., 2008). Using single-cell deposition equipment, we
have confirmed here that the same conditions are sufficientto
support the clonogenic proliferation of MBs. Indeed, more
than 70% of MBs in the embryo could proliferate from single
cells. Thus, we expected that these culture conditions also
allow measurements of the proliferative activity of MCSCs.
To address whether these culture conditions could be
applied to MCSCs in postnatal HFs, we separated out
postnatal cells of the MC lineage. Starting with manual
dissection to separate the upper and lower parts of the HF, we
found that the in vitro clonogenic population (1) is present in
the upper part of the HF, (2) expresses a low level of GFP
driven by the CAG promoter, (3) is SSClowc-Kitlow by flow
cytometry, and (4) is resistant to neonatal treatment with anti-
c-Kit monoclonal antibody. As all these phenotypes are those
of MCSCs, our findings indicate that MCSCs correspond to
the population that undergoes clonogenic proliferation
in vitro. However, unless we can show that 100% of cells
with this phenotype are clonogenic, we cannot formally
rule out the possibility that in vitro clonogenic cells have
the same phenotype as MCSCs but constitute a distinct
functional compartment. However, it is more likely that
the in vitro clonogenic cells are MCSCs, because in vivo
reconstitution has shown that the former can eventually
replenish the entire MCSC system including MCSCs. By
definition, MCSCs constitute the cell compartment that can
replenish new SC systems. Thus, our results, showing that the
clonogenic population that shares the same phenotype as
MCSCs can replenish the MCSC system of newly generated
HFs, strongly indicate that these clonogenic cells are MCSCs.
As MCSCs are the only cell population that undergoes
in vitro clonogenic growth, the MCSC system is another
example of quiescent SCs having the highest proliferative
activity if separated from tissue. Indeed, similar patterns have
been demonstrated in keratinocytes of the HF (Tani et al.,
2000; Trempus et al., 2003; Li and Kaur, 2005) and intestinal
epithelium (Quaroni et al., 1979; Yeh and Chopra, 1980;
Moyer, 1983; Siddiqui and Chopra, 1984). Moreover, cancer
SCs have been defined as cells that proliferate most
extensively upon transfer to other recipients, but are resistant
to antiproliferative agents in vivo.
Although our culture conditions support the proliferation
of MCs, as HB does in vivo, our conditions differ from those
of HB in that they do not include a strong signal inducing
irreversible commitment. Indeed, only a few pigmented MCs
were generated in culture, although serial passage is limited
up to three times. In contrast, the addition of melanocyte-
stimulating hormone and endothelin to the culture resulted
in the rapid differentiation of cells to mature pigmented cells.
As in vivo proliferating cells can replenish the MCSC system
of HFs, they may generate MCSCs. Indeed, embryonic skin
supporting the robust proliferation of MBs constitutes an
environment similar to our culture system, as both environ-
ments support MB proliferation while preserving their ability
to form SC systems in HF. Hence, during culture MCSCs
differentiate first into a proliferative population similar to
embryonic MBs; this proliferative population can self-renew,
but is protected from differentiation signals. This in vitro
observation is consistent with our previous findings, showing
that quiescent MCSCs and their immediate proliferative
progeny are interconvertible. In contrast, MB undergoes
irreversible differentiation as well as proliferation in HB.
Hence, we could not detect any clonogenic cells in HB.
If MCSCs are the only in vitro clonogenic cells, then this
assay would be convenient for measuring the MCSC
compartment in HFs. Using this assay, we were able to
develop a method to purify MCSC from wild-type mice.
MCSCs can be distinguished from other compartments as
small cells that are SSClowc-Kitlow and resistant to neonatal
treatment with ACK2, n monoclonal antibody antagonistic to
c-Kit. Indeed, we found that 37.7% of SSClowc-Kitlow cells
isolated from HFs could undergo clonogenic proliferation.
Importantly, these cells in culture can reconstitute MCSC
systems in regenerating HFs. However, more markers should
be developed for attaining 100% purity.
In conclusion, we have shown that MCSCs could be
successfully purified from wild-type mice and cultured, and
that these cells could reconstitute in vivo activity, thus
demonstrating that these cells are bona fide MCSCs.
MATERIALS AND METHODS
Mice
CAG-CAT-EGFP mice (a gift from J. Miyazaki, Osaka University,
Osaka, Japan) were bred with Dcttm1(Cre)Bee mice (a gift from F.
Beermann, Swiss Institute for Experimental Cancer Research,
Epalinges, Switzerland) to generate compound heterozygotes.
Genotyping was performed as described. All mice were maintained
in our animal facility. All animal experiments were conducted in
accordance with the guidelines of the RIKEN Center for Develop-
mental Biology for animal and recombinant DNA experiments.
Preparation of MC lineage cells from skin
MBs were prepared from E15.5 Dcttm1(Cre)Bee/CAG-CAT-EGFP mice
as described (Yonetani et al., 2008). Dorsal skin, isolated from P10
Dcttm1(Cre)Bee/CAG-CAT-EGFP mice pretreated with 0.2mg ACK2 on
postnatal days 0, 2, and 4, or not, was incubated with 5mM EDTA in
phosphate-buffered saline (PBS) for 2 hours at 37 1C and the subcutis
was removed. Each skin sheet was microdissected to separate the
lower permanent and hair matrix regions. Each was dissociated by
treatment with 1mgml1 collagenase P (Roche, Basel, Switzerland)
and 1mgml1 dispase (Invitrogen, Carlsbad, CA) for 15minutes at
37 1C, followed by pipetting to obtain single-cell suspensions. To
isolate cells from whole dorsal skin, skin sheets without subcutis
were treated with 1mgml1 collagenase P and 1mgml1 dispase for
30minutes at 37 1C. Single-cell suspensions were washed with
staining solution (10% fetal calf serum, 0.01% NaN3, 1mM EDTA,
and PBS) and stained with biotin-conjugated anti-c-Kit antibody
(ACK4; Nishikawa et al., 1991), APC-conjugated streptavidin
(Molecular Probes, Eugene, OR) and PE-Cy7-conjugated CD45
(BD Biosciences, San Jose, CA). After washing, the cells were
resuspended in staining solution containing 10mgml1 propidium
iodide and sorted with a FACS Aria (BD Biosciences).
Feeder cell culture
The XB2 murine keratinocyte cell line (Rheinwald and Green, 1975)
was maintained in DMEM supplemented with 10% fetal calf serum,
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1% antibiotics–antimycotics mixture (Invitrogen), and 1% GlutaMax
(Invitrogen). The cells were harvested on 6-, 12-, and 96-well plates
(BD Biosciences) and treated with 10 mgml1 mitomycin C (Kyowa
Hakko, Tokyo, Japan) for 2 hours before use.
Culture of cells of the primary MC lineage
FACS-sorted cells were plated onto XB2 feeder cells and cultured in
RPMI 1640 (Invitrogen) containing 5% fetal calf serum, 1mgml1
insulin, 1mM phosphoethanolamine, and 1mM ethanolamine
(Sigma-Aldrich, St Louis, MO) (Hirobe, 1992), along with 50 ngml1
SCF (prepared in our laboratory), 2.5 ngml1 FGF2 (R&D Systems,
Minneapolis, MN), 20 nM EDN3 (Peptide Institute, Osaka, Japan),
and 100 nM a-MSH (Peptide Institute), changing the medium twice
weekly. For passage, cultured cells were dissociated by incubation
with Accutase (Innovative Cell Technologies, San Diego, CA) for
5minutes at 37 1C, recovered by centrifugation, and seeded onto the
XB2 feeder cells. Because of the increase in differentiated cells,
serial passage under our culture condition is limited up to three
times. To determine the number of GFP-positive cells, fluorescent
images were taken under a microscope (KEYENCE, Osaka, Japan)
and the cells were counted manually.
Immunohistochemical staining
Immunohistochemistry using cryosections was performed as de-
scribed (Nishimura et al., 2002). For cell staining, cells isolated by
FACS were cytospun onto glass slides and fixed with 4%
paraformaldehyde at room temperature for 5minutes. After washing
with PBS containing 0.1% Triton X-100 (Nakarai-Tesque, Kyoto,
Japan), the cells on the slides were incubated with the following
primary antibodies: rabbit anti-GFP (Invitrogen), rat anti-GFP
(Nakarai-Tesque), goat anti-sox10 (Santa Cruz Biotechnology, Santa
Cruz, CA), mouse anti-pax3 monoclonal antibody (R&D Systems),
and rat anti-c-Kit (ACK4; Nishikawa et al., 1991). Cells were
subsequently incubated with specific secondary antibodies conju-
gated to Alexa 488 or Alexa 546 (Invitrogen). DAPI (Invitrogen) was
used for nuclear staining. Fluorescent images were obtained using
a confocal laser scanning microscope (KEYENCE B-9000 system).
HF reconstruction assay
The HF reconstruction assay was performed as described (Lichti
et al., 1993; Kishimoto et al., 1999; Claudinot et al., 2005; Yonetani
et al., 2008), using W/Wv mice (SLC, Shizuoka, Japan) as recipients
of dermis and epidermis. Female mice carrying 12.5- to 13.5-day
embryos were injected in the tail vein with 2mg ACK2 antibody.
Dorsal skin from W/Wv mice at E16.5-E17.5 was incubated with
5mM EDTA in PBS for 2 hours at 37 1C. Epidermis and dermis were
separated under a microscope, and the epidermis was incubated
with 1mgml1 collagenase P and 1mgml1 dispase for 15minutes
at 37 1C. After washing with PBS, dissociated epidermis cells
were mixed with cultured MC lineage cells. Dermis sheets were
transplanted onto the backs of BALB/c-nu/nu slc (SLC) mice, overlaid
with a mixture of epidermis and cultured cells, and covered with a
cap. For observation of further hair cycle, hair was shaved and
plucked out three times with depilation tape (Kanebo, Tokyo, Japan).
Only the primary culture was used for reconstitution.
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